Knowledge about pigments applied in ancient wall paintings is of great importance in art conservation and art history. In this study, fifteen pigment samples from the wall painting on the pilgrimage-corridor at the Jokhang Monastery in Lhasa, Tibet were analyzed, using different techniques, including X-ray fluorescence (XRF), Raman microspectroscopy (Raman), polarized light microscopy (PLM), and scanning electron microscopy with energy dispersive X-ray spectrometry (SEM-EDS). It is found that azurite, malachite, red lead, cinnabar, mars red, orpiment, gold, calcite, magnesium carbonate, barium white, especially modern synthetic Ultramarine blue, emerald green, chrome yellow and lithopone were used as colorants on plaster. This result suggests that the wall painting may have been executed after the 1850s, mostly in about the 1900s.
Introduction
The identification of pigments is one of the most important analytical tasks in the characterization of ancient paintings, as it provides a rich source of information about the provenance, date of production, development of painting traditions, and trade of the pigments. Pigments and other materials applied by painters are also of great importance in art history and for art conservation. They are particularly crucial for selecting the most appropriate materials and methods for art restoration.
Various methods have been applied in the identification of pigments and media binder in the ancient Chinese paintings and relevant cultural relics according to their performance advantages [1] [2] [3] . Over the past few years, a few research projects have focused on the identification of pigments and techniques in the wall paintings or Thangka paintings in Tibet, offering interesting scenarios and findings. According to previous scientific investigations, emerald green, Scheele green and orpiment were listed as typical pigments used for Tibetan Thangka paintings (15th-19th century) [4] . Azurite, malachite, red lead and cinnabar were identified in the wall paintings in the Potala Palace and the Norbuglinkha and Sa-Skya Monastery in Tibet in 2002 [5] . More recently, Raman microscopy was used in the recognition of pigments in Tibetan paintings. In 2010, Azurite, malachite, red lead, cinnabar, orpiment and gypsum were found in a Tibetan Thangka painting of the 18th century at the Derge Monastery with a mobile Raman probe [6] . Recently, pigment samples from the wall paintings of the 15th century at the Tsokchen Chanting Hall of the Drepung Monastery were identified as cinnabar, iron red, malachite, azurite, orpiment, chalk and carbon [7] , while pigments from the Palcho Monastery were identified as cinnabar, iron yellow, malachite, azurite, chalk and carbon [8] .
The Chinese Academy of Cultural Heritage is currently undertaking some restoration projects for the wall paintings at the Jokhang Monastery in Lhasa, Tibet Autonomous Region. The present work aims to explore the techniques of wall paintings using multi-analytical methods, including pigments and painting techniques, which could provide crucial scientific data for art restoration and art history. In order to sustain their religious function, Tibetan wall paintings were always repainted even when they were only partly damaged. Due to the lack of necessary documentation on these restoration processes, their repainting dates became unknown to modern researchers. Therefore, a scientific investigation of the pigments and their manufacturing techniques might offer us the clues to determine when they were repainted.
Results and discussions

XRF analysis of pigment samples
The results obtained from the XRF analysis are summarized in Table 1 . The samples of DZ12-DZ15 were taken from the wall painting by scalpel and just in powdery particles and contain a lot of mud, so they cannot be analysed by XRF.
PLM analysis of pigment particles
Microtextural features of the pigments were observed under polarized light microscopy.
The shapes of emerald green ( Figure 1A ), Ultramarine blue ( Figure 1B ) and chrome yellow ( Figure 1C ) particles were regular; their grain sizes were even and smooth. However, orpiment particle ( Figure 1D ), showed a euhedral and irregular shape; its grain size was uneven; it was foliated and its luster was pearly on the cleavage surface. This is the typical shape of natural minerals. Therefore, it can be inferred that emerald green, Ultramarine blue and chrome yellow are artificial pigments.
Raman spectroscopic analysis of pigment samples White ground layer
The white ground layer yielded the characteristic Raman bands of calcium carbonate (CaCO 3 ), which was found in every sample except DZ12, DZ13, DZ14. Magnesium carbonate (MgCO 3 ) was detected in DZ2, DZ3, DZ8, DZ15. Meanwhile, lithopone (ZnS and BaSO 4 ) appeared in DZ5.
Blue pigment
The XRF examination of the blue pigment (DZ1, DZ4) revealed relatively high content of Cu, suggesting that blue pigment could be azurite. This, however, was not confirmed by the Raman measurement. The Raman spectrum showed the Ultramarine blue (Na 7 Al 6 Si 6 O 24 (S n − )) (Figure 2A ), coexisting with malachite (CuCO 3 •Cu (OH) 2 ). Azurite (2CuCO 3 •Cu(OH) 2 ) was indeed identified in the samples of DZ3 and DZ15.
Green pigment
The green aura of Buddha Sakyamuni was painted with emerald green (Cu(C 2 H 3 O 2 )•3Cu(AsO 2 ) 2 ) as shown in Sample DZ3 ( Figure 2B ).
Yellow pigment
One yellow pigment (Sample DZ5) yielded the spectrum of chrome yellow (PbCrO 4 ) ( Figure 2C ), yet coexisting with bands of lithopone. Another yellow pigment (DZ13) found here was orpiment (As 2 S 3 ) ( Figure 2D ).
Orange pigment
The orange-red parts of the Buddha Sakyamuni's cloth closely matched the spectrum of red lead (Pb 3 O 4 ) (DZ7, DZ11, DZ12).
Red pigment
Cinnabar (HgS) (DZ9, DZ10) and mars red (Fe 2 O 3 ) (DZ11) were detected as very common pigments that occur virtually in Tibetan paintings.
SEM-EDS analysis of pigment samples
The cross-section of Sample DZ7 with orange paints is shown in Figure 3 . The protective glue layer, pigment layer and white ground layer can be clearly seen from the left to the right in this figure. The SEM-BSE micrograph provides more information, and the white ground layer seen in Figure 3 can be further divided into two layers in Figure 4 . Table 2 shows the results of EDS compositional analysis. It reveals that the techniques used for wall paintings apparently vary between Tibet and other places in China. The final step of finishing the wall paintings is glue coating in order to protect the paintings. The relatively high content of carbon in the region marked □A in Figure 4 indicates that the protective varnish layer may be organic glue. Point + B consists of Ba, S and O, and it can be assumed as barium white. Pb was detected in point + C, indicating the presence of red lead. Lithopone (ZnS and BaSO 4 ) is assumed to exist due to the detection of Ba, S and Zn, as shown in spot + F. Regions marked □G, the presence of Al, Si, O, Ba, Zn, S, K, Na, Mg and Ca were mainly contributed by the components of clays and lithopone.
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Modern synthetic pigments used in wall paintings
In this work, we have found that Tibetan artists used not only traditional mineral pigments but also many artificially synthetic pigments, i.e. Ultramarine blue, emerald green, chrome yellow and lithopone. Lead chromate was first synthesized by French Chemist Vauquelin in 1809. Germany began the industrial production of chrome yellow in 1818, America in 1900 and China in 1924 [9] . Chrome yellow began to be widely used as a pigment in watercolors, coach paintings and oil paintings in the second quarter of the 19th century [10] . Lithopone was invented in early 19th century [11] and gained popularity in the 1870s [12] . Emerald green, which was first formulated in Germany in 1814 as stated by the famous Chinese Artist Fei'an Yu, was widely used in China as watercolor in pith paper works and in scroll paintings from the 1850s onwards [13] .
The scientific investigations revealed that chrome yellow was used as yellow pigment in the Niche of the Qing Dynasty Tomb at Xihe Site in Zhangqiu, Shandong Province [14] . Emerald green was applied in Drum Tower (past restoration material) in Xi'an, Shaanxi Province [11] , the Cave 12 of Yungang Grottoe, Shanxi Province [15] as well as the portrait of the Chinese Taoist Figure [16] and Zhendu Men in the Palace Museum, Beijing [17] . Ultramarine blue was largely used in Mogao Grottoes, Dunhuang, Gansu Province [18] . J. Mass found that Tibetan Thangka paintings of the late 19th and early 20th centuries used Western pigments, such as emerald green, ultramarine blue, and chrome yellow [19] .
Historical records indicate that during the 1840s the pigments imported into Nepal and then into Tibet by the British East India Company included lead white, indigo, verdigris and sandalwood [19] . European synthetic paints may have been introduced into Tibet, via India or central China, and their availability and affordability probably increased in the early 20th century [20] . Above all, the synthetic pigments applied in the wall paintings were most likely introduced into Tibet no earlier than the 1850s.
Conclusions
In this project, fifteen pigment samples taken from the wall painting on the pilgrimage-corridor at the Jokhang Monastery in Tibet were analyzed using Raman spectroscopy, XRF, PLM, and SEM-EDS. The results show that azurite, malachite, red lead, cinnabar, mars red, orpiment, gold, calcite, magnesium carbonate, barium white, especially modern synthetic Ultramarine blue, emerald green, chrome yellow and lithopone were applied as single or mixture pigments.
Considering the time when these synthetic pigments were imported to and applied in central China and the Tibetan region, it can be inferred that the repainting of these wall paintings should have been executed after the 1850s and mostly in about the 1900s.
Methods
Samples
Fifteen pigment samples, taken from the wall paintings on the pilgrimage-corridor at the Jokhang Monastery, were extracted, prepared and analyzed. The samples are listed as DZ1-DZ15 in Table 1 .
Characterization
The X-ray fluorescence (XRF) analysis was conducted by using the Japanese instrument of SHMADZU EDX-800HS.
The Raman spectroscopic analysis was undertaken by using an Xplora spectrometer made by the French Horiba Jobin Yvon Company. The laser light was focused through the objective (×20) of an Olympus BX-41 microscope.
The microscopic investigations were carried out by a German Leica DM4000M microscope.
The SEM-EDS analysis was operated with a Hitachi S-3600 N with EDAX Genesis 2000XMS to determine the elements of each layer of the sample (DZ7-Orange). All samples were sputter-coated with gold prior to the analysis. 
